Since the first report of clonidine, an α 2 -adrenoceptor agonist, the indications for this class of drugs have continued to expand. In December 1999, dexmedetomidine was approved as the most recent agent in this group and was introduced into clinical practice as a short-term sedative (<24 hours). α 2 -Adrenoceptor agonists have several beneficial actions during the perioperative period. They decrease sympathetic tone, with attenuation of the neuroendocrine and hemodynamic responses to anesthesia and surgery; reduce anesthetic and opioid requirements; and cause sedation and analgesia. They allow psychomotoric function to be preserved while letting the patient rest comfortably. With this combination of effects, adrenoceptor agonists may offer benefits in the prophylaxis and adjuvant treatment of perioperative myocardial ischemia. Furthermore, their role in pain management and regional anesthesia is expanding. Side effects consist of mild to moderate cardiovascular depression, with slight decreases in blood pressure and heart rate. The development of new, more selective α 2 -adrenoceptor agonists with improved side effect profiles may provide a new concept for the administration of perioperative anesthesia and analgesia. This review aims to give background information to improve understanding of the properties and applications of the novel α 2 -adrenoceptor agonist, dexmedetomidine.
Since the first report of clonidine, an α 2 -adrenoceptor agonist, the indications for this class of drugs have continued to expand. In December 1999, dexmedetomidine was approved as the most recent agent in this group and was introduced into clinical practice as a short-term sedative (<24 hours). α 2 -Adrenoceptor agonists have several beneficial actions during the perioperative period. They decrease sympathetic tone, with attenuation of the neuroendocrine and hemodynamic responses to anesthesia and surgery; reduce anesthetic and opioid requirements; and cause sedation and analgesia. They allow psychomotoric function to be preserved while letting the patient rest comfortably. With this combination of effects, adrenoceptor agonists may offer benefits in the prophylaxis and adjuvant treatment of perioperative myocardial ischemia. Furthermore, their role in pain management and regional anesthesia is expanding. Side effects consist of mild to moderate cardiovascular depression, with slight decreases in blood pressure and heart rate. The development of new, more selective α 2 -adrenoceptor agonists with improved side effect profiles may provide a new concept for the administration of perioperative anesthesia and analgesia. This review aims to give background information to improve understanding of the properties and applications of the novel α 2 -adrenoceptor agonist, dexmedetomidine.
T he first α 2 -adrenoceptor agonist was synthesized in the early 1960s to be used as a nasal decongestant. Early application of the new substance, now known as clonidine, showed unexpected side effects, with sedation for 24 hours and symptoms of severe cardiovascular depression. Subsequent testing led to the introduction of clonidine as an antihypertensive drug in 1966. Over the years, clonidine gained acceptance as a powerful therapy not only for high blood pressure but also for the management of alcohol and drug withdrawal, for adjunctive medication in myocardial ischemia, and for pain and intrathecal anesthesia (1) .
The use of α 2 -adrenoceptor agonists as anesthetics is not new. Veterinarians employed xylazine and detomidine for a long time to induce analgesia and sedation in animals, and much of our knowledge was gained from this application (2) . It has recently become evident that complete anesthesia is possible by employing new, more potent α 2 agonists, such as medetomidine and its stereoisomer, dexmedetomidine.
Dexmedetomidine was approved by the Food and Drug Administration at the end of 1999 for use in humans as a short-term medication (<24 hours) for analgesia and sedation in the intensive care unit (ICU). Its unique properties render it suitable for sedation and analgesia during the whole perioperative period. Its applications as a premedication, as an anesthetic adjunct for general and regional anesthesia, and as a postoperative sedative and analgesic are similar to those of the benzodiazepines, but a closer look reveals that the α 2 -adrenoceptor agonist has more beneficial side effects.
Dexmedetomidine became available at Baylor University Medical Center in August 2000. Between that time and mid October 2000, the drug was used in about 25 patients, most commonly as a supplement to anesthesia in patients undergoing cardiac procedures. In this patient population, dexmedetomidine serves as a sedative and analgesic agent in fast-tracking anesthesia regimens. When dexmedetomidine is started at the end of the case, patients are sedated but remain arousable and are able to cooperate when stimulated upon entry to the ICU.
This review attempts to provide an understanding of the current role of α 2 -adrenoceptor agonists in anesthesiologic practice and their potential as prospective drugs for sedation and analgesia. Rather than focusing on the use of α 2 -adrenoceptor agonists in the ICU, this article describes the physiologic and pharmacologic bases of this group of agents, with special reference to the perioperative applications of the most recently introduced compound, dexmedetomidine.
PHYSIOLOGY OF THE α 2 RECEPTOR
Adrenergic receptors were originally differentiated into α and β receptors on the basis of the rank order of potency of various natural and synthetic catecholamines in different physiologic preparations. It was believed that activation of either α-or β-adrenergic receptors produced excitatory effects in some tissues and inhibitory effects in others (3, 4) . Later, a subclass of α adrenoceptors was discovered that regulates the release of neurotransmitters. From this, it was inferred that the receptor is located at the presynaptic site (4). However, classification of the receptors on the basis of anatomic location alone is problematic, because α 2 receptors have also been found at postsynaptic and extrasynaptic sites (5) . Presynaptic α 2 receptors may be of the greatest clinical import, because they regulate the release of norepinephrine and adenosine triphosphate through a negative feedback mechanism (Figure 1) .
At least 3 different α 2 isoreceptors have been defined both by pharmacologic studies (affinity for different α 2 antagonists) and by biological probes. Receptors for α 2 are found in the peripheral and central nervous systems, platelets, and a variety of organs, including the liver, pancreas, kidney, and eye. Physiologic responses mediated by α 2 adrenoreceptors vary with location.
The α 2 -adrenergic receptor mediates its effects by activating guanine-nucleotide regulatory binding proteins (G proteins). Activated G proteins modulate cellular activity by signaling a second messenger system or by modulating ion channel activity.
The second messenger system, when activated, leads to the inhibition of adenylate cyclase, which, in turn, results in decreased formation of 3,5-cyclic adenosine monophosphate (cAMP). Specific cAMP-dependent kinases modify the activity of target proteins by controlling their phosphorylation status (6) . Modulation of ion channel activity leads to hyperpolarization of the cell membrane. Efflux of potassium through an activated channel hyperpolarizes the excitable membrane and provides an effective means of suppressing neuronal firing. Stimulation of the α 2 adrenoceptor also suppresses calcium entry into the nerve terminal, which may be responsible for its inhibitory effect on secretion of neurotransmitters. From an anesthesiologic viewpoint, neuronal hyperpolarization is a key element in the mechanism of action of α 2 -adrenoceptor agonists (7).
Mechanisms of action
Dexmedetomidine, an imidazole compound, is the pharmacologically active dextroisomer of medetomidine that displays specific and selective α 2 -adrenoceptor agonism. The mechanism of action is unique and differs from those of currently used sedative agents, including clonidine. Activation of the receptors in the brain and spinal cord inhibits neuronal firing, causing hypotension, bradycardia, sedation, and analgesia. The responses to activation of the receptors in other areas include decreased salivation, decreased secretion, and decreased bowel motility in the gastrointestinal tract; contraction of vascular and other smooth muscle; inhibition of renin release, increased glomerular filtration, and increased secretion of sodium and water in the kidney; decreased intraocular pressure; and decreased insulin release from the pancreas (8) (Figure 2) .
In general, presynaptic activation of the α 2 adrenoceptor inhibits the release of norepinephrine, terminating the propagation of pain signals. Postsynaptic activation of α 2 adrenoceptors in the central nervous system (CNS) inhibits sympathetic activity and thus can decrease blood pressure and heart rate. Combined, these effects can produce analgesia, sedation, and anxiolysis. Dexmedetomidine combines all these effects, thus avoiding some of the side effects of multiagent therapies.
The mechanisms of the analgesic actions of α 2 agonists have not been fully elucidated. A number of sites, both supraspinal and spinal, modulate the transmission of nociceptive signals in the CNS. Even peripheral α 2 adrenoceptors may mediate antinociception (9) . Drugs may act at any of these sites to reduce nociceptive transmission, leading to analgesia. The activation of inwardly rectifying G 1 -protein-gated potassium channels results in membrane hyperpolarization, decreasing the firing rate of excitable cells in the CNS. This is considered a significant mechanism of the inhibitory neuronal actions of α 2 -adrenoceptor agonists (7) . Another prominent physiologic action ascribed to α 2 adrenoceptors is their reduction of calcium conductance into cells, thus inhibiting neurotransmitter release. This effect involves direct regulation of calcium entry through N-type voltage-gated calcium channels and is independent of cAMP and protein phosphorylation. It is mediated by G 0 proteins. These 2 mechanisms represent 2 very different ways of effecting analgesia: in the first, the nerve is prevented from ever firing, and in the second, it cannot propagate its signal to its neighbor.
One of the highest densities of α 2 receptors has been detected in the locus coeruleus, the predominant noradrenergic nucleus in the brain and an important modulator of vigilance. The hypnotic and sedative effects of α 2 -adrenoceptor activation have been attributed to this site in the CNS. The locus coeruleus is also the site of origin for the descending medullospinal noradrenergic pathway, known to be an important modulator of nociceptive neurotransmission. In this region of the brain, α 2 -adrenergic and opioidergic systems have common effector mechanisms, indicating that dexmedetomidine has a supraspinal site of action.
These findings lead to the conclusion that the major sedative and antinociceptive effects of dexmedetomidine are attributable to its stimulation of the α 2 adrenoceptors in the locus coeruleus. Furthermore, studies in transgenic mice have demonstrated that the α 2A -adrenoceptor subtype is responsible for relaying the sedative and analgesic properties of dexmedetomidine (10) . The improved specificity of dexmedetomidine for the α 2 receptor, especially for the 2A subtype of this receptor, causes it to be a much more effective sedative and analgesic agent than clonidine. Studies have shown that dexmedetomidine is 8 times more specific for α 2 adrenoceptors than clonidine (ratios of α 2 :α 1 activity, 1620:1 for dexmedetomidine, 220:1 for clonidine).
In addition to dexmedetomidine's action in the locus coeruleus of the brain stem, it has been shown to stimulate α 2 recep- tors directly in the spinal cord, thus inhibiting the firing of nociceptive neurons. The substantia gelatinosa of the dorsal horn of the spinal cord contains receptors which, when stimulated, inhibit the firing of nociceptive neurons stimulated by peripheral Aδ and C fibers and also inhibit the release of the nociceptive neurotransmitter substance P (11) . This spinal mechanism is most likely why anesthesiologists have found success in using clonidine as an epidurally administered agent in addition to its primary use as an intravenous drug (1).
PHARMACODYNAMICS AND PHARMACOKINETICS
Dexmedetomidine is an α-adrenoceptor agonist with dosedependent α 2 -adrenoceptor selectivity (12) . In animals that receive low to medium doses at slow rates of infusion (10 to 300 µg/kg), high levels of α 2 -adrenoceptor selectivity are observed, placing dexmedetomidine in the same therapeutic category as clonidine but with more affinity for the α 2 adrenoceptor (12). At higher doses (>1000 µg/kg) or in rapid infusions of lower doses, both α 1 -and α 2 -adrenoceptor activities are observed. The majority of patients receiving dexmedetomidine as a primary therapy experienced clinically effective sedation yet were still easily arousable, a unique feature not observed with other clinically available sedatives (13) . Clinical trials indicate that patients treated with dexmedetomidine required either no additional sedative medication or only small doses of add-on medications. This was significantly different from the add-on medication requirements of patients who did not receive dexmedetomidine.
Dexmedetomidine does not appear to have any direct effects on the heart (14) . A biphasic cardiovascular response has been described after the application of dexmedetomidine (15) (16) (17) (Figure 3) . The administration of a bolus of 1 µg/kg dexmedetomidine initially results in a transient increase of the blood pressure and a reflex decrease in heart rate, especially in younger, healthy patients (16) . The initial reaction can be explained by the pe- ripheral α 2B -adrenoceptor stimulation of vascular smooth muscle and can be attenuated by a slow infusion over 10 or more minutes. Even at slower infusion rates, however, the increase in mean arterial pressure over the first 10 minutes was shown to be in the range of 7%, with a decrease in heart rate between 16% and 18% (17) . The initial response lasts for 5 to 10 minutes and is followed by a decrease in blood pressure of approximately 10% to 20% below baseline and a stabilization of the heart rate, also below baseline values; both of these effects are caused by the inhibition of the central sympathetic outflow overriding the direct stimulating effects (18) . Another possible explanation for the subsequent heart rate decrease is the stimulation of the presynaptic α 2 -adrenoceptor, leading to a decreased norepinephrine release (19) . The application of a single high dose of dexmedetomidine reduced norepinephrine release by as much as 92% in young healthy volunteers (20) . The release of epinephrine is also reduced by the same amount (21) . This seems to be more important than either central α 2 -adrenoceptor agonism or non-α adrenaline imidazole-preferring receptors in effecting the change (18) .
The baroceptor reflex is well preserved in patients who receive dexmedetomidine, and the reflex heart rate response to a Recovery period (hr)
pressor stimulus is augmented (20) . These results illustrate that the cardiovascular response is evoked mainly by decreases in central sympathetic outflow. Dexmedetomidine could result in cardiovascular depression, i.e., bradycardia and hypotension. The incidence of postoperative bradycardia has been reported as high as 40% in healthy surgical patients who received dexmedetomidine, especially high doses (22) . Usually, these temporary effects were successfully treated with atropine or ephedrine and volume infusions (23) . There are, of course, clinical situations in which the sympatholytic or bradycardic actions of α 2 -adrenoceptor agonists may be deleterious (e.g., in hypovolemic patients or patients with fixed stroke volume).
At clinically effective doses, dexmedetomidine has been shown to cause much less respiratory depression than other sedatives (24) . However, coadministration of dexmedetomidine with anesthetic agents, sedatives, hypnotics, or opioids is likely to cause additive effects (19) .
Although dexmedetomidine has no significant effect on adrenocorticotropic hormone (ACTH) secretion at therapeutic doses, cortisol's response to ACTH may be reduced after prolonged use or high doses of dexmedetomidine (25) . The prolonged infusion of dexmedetomidine in dogs for 1 week diminished the response to ACTH by 40% (P < 0.05 vs control). Receptor binding of dexamethasone was not inhibited. Similar suppression of steroidogenesis has been reported after the administration of etomidate, another imidazole compound. Imidazole agents are able to inhibit mitochondrial cytochrome P450 enzymes; 11 β hydroxylase at low concentrations; and, at higher concentrations, cholesterol sidechain cleavage enzyme activity. The ratio of levels of inhibition caused by etomidate and dexmedetomidine was shown to be on the order of 100:1, suggesting that the biologic effects of the inhibitory activities of dexmedetomidine in patients probably are not clinically important (25) .
Juxtaglomerular cells in the kidneys participate in the control and release of renin. Renin release is stimulated by β-adrenoceptor mechanisms, whereas α 2 -adrenoceptor agonists directly inhibit renin release (26) .
Stimulation of α 2 adrenoceptors on islet cells directly inhibits the release of insulin; this effect has unproven clinical importance, because hyperglycemia has never been reported to be significant in patients receiving clonidine (8) .
Pharmocokinetics
Dexmedetomidine undergoes almost complete biotransformation through direct glucuronidation and cytochrome P450 metabolism (hydroxylation, mediated by CYP2A6), all hepatic processes, with very little excretion of unchanged molecules in the urine or feces. Although dexmedetomidine is dosed to effect, it may be necessary to decrease the typical dose in patients with hepatic failure, since they will have lower rates of metabolism of the active drug. Metabolites of biotransformation are excreted in the urine (about 95%) and in the feces (4%). It is unknown whether they possess intrinsic activity. The elimination half-life is approximately 2 hours.
Dexmedetomidine exhibits linear kinetics when infused in the recommended dose range of 0.2 to 0.7 µg/kg/hr for no more than 24 hours. The steady-state volume of distribution is 118 L, and the distribution phase is rapid, with a half-life of distribution of approximately 6 minutes (27) .
The average protein binding of dexmedetomidine is 94%, with negligible protein binding displacement by fentanyl, ketorolac, theophylline, digoxin, and lidocaine, all drugs commonly used during anesthesia and in the ICU. There have been no significant sex-or age-based differences in the pharmocokinetic profile, even in elderly patients, and pharmacokinetics of the active dexmedetomidine molecule do not change in patients with renal failure. There is, however, a theoretical possibility of accumulation of metabolites of biotransformation, which has not yet been studied. This possibility is suspected because of the high degree of renal clearance of these metabolites.
TOXICOLOGY
The teratogenic effects of dexmedetomidine have not been adequately studied at this time, but the drug does cross the placenta and should be used during pregnancy only if the benefits justify the risk to the fetus. No studies have been performed in children.
The adverse effects of dexmedetomidine include hypotension, hypertension, nausea, bradycardia, atrial fibrillation, and hypoxia (22, 28) (Figure 4) . Overdose may cause first-degree or second-degree atrioventricular block. Most of the adverse events associated with dexmedetomidine use occur during or briefly after loading of the drug. By omitting or reducing the loading dose, adverse effects can be reduced.
No study has described the long-term use of dexmedetomidine, but adaptive changes and withdrawal syndrome like those seen with the use of clonidine can be expected from dexmedetomidine.
PREOPERATIVE EFFECTS
Because dexmedetomidine possesses anxiolytic, sedative, analgesic, and sympatholytic properties (13, 22, (28) (29) (30) (31) , it might be a useful adjunct for premedication, especially for patients susceptible to preoperative and perioperative stress. Clonidine has been used for a long time to attenuate sympathetic activation during induction of anesthesia and to provide a more stable hemodynamic profile. Dexmedetomidine seems to offer the same beneficial properties. Both were able to decrease oxygen consumption in the intraoperative period (up to 8%) and in the postoperative period (up to 17%) (32) . The maximum heart rate decrease was 18% more in both treatment groups than in the placebo group. Dexmedetomidine and clonidine potentiate the anesthetic effects of all intraoperative anesthetics, regardless of method of administration (intravenous, volatile, or even regional block). Intravenous or intramuscular administration of dexmedetomidine reduced induction requirements of thiopentone by 17% in a group that received low doses and by up to 30% in a group that received high doses (33) .
INTRAOPERATIVE EFFECTS
α 2 -Adrenoceptor agonists have been shown to attenuate stress-induced sympathoadrenal responses. Protecting the patient from noxious sympathetic stimulation and hemodynamic changes during surgery is one of the goals of anesthesia. Dexmedetomidine exerted anesthetic-sparing effects, increased hemodynamic stability, and reduced unwarranted responses to endotracheal intubation.
There is evidence that dexmedetomidine alters the pharmacokinetics of intravenous anesthetic agents by decreasing cardiac output (34) and by inhibiting alfentanil microsome metabolism in the liver (35) but not the pharmacokinetics of inhaled agents such as isoflurane. The first report of reduced isoflurane requirements in humans with dexmedetomidine was published in 1991 (36). Aho et al showed 25% reductions of maintenance concentrations of isoflurane in patients who received dexmedetomidine. Khan et al found 35% to 50% reductions of isoflurane requirements in patients treated with either low or high doses of dexmedetomidine and isoflurane without premedication (37) . In a recent study in elderly patients undergoing elective surgery, administration of dexmedetomidine was associated with a 17% decrease of sevoflurane requirements for the maintenance of anesthesia (38) .
In animals, the profound reduction of anesthetic requirements raised the possibility that α 2 -adrenoceptor agonists may be considered anesthetic agents when administered alone (39) . It was subsequently shown that a central α 2 -adrenergic C4 isoreceptor is the probable receptor that mediated the anesthetic response (40) . Possible anesthetic effects also have been suggested in humans (28) .
Endotracheal intubation is associated with significant increases of arterial pressure, heart rate, and plasma catecholamine concentrations. Dexmedetomidine attenuated the sympathoadrenal stimulation during tracheal intubation effectively but did not completely abolish the cardiovascular response (41) .
Analgesic properties have been demonstrated in studies that used dexmedetomidine as the sole analgesic after minor surgery (42) . Used without any adjuncts, dexmedetomidine provided analgesia with a ceiling effect at doses >0.5 µg/kg. Thus, the effect was not dose dependent (29) .
Opioid requirements in the intraoperative period and in the postanesthesia care unit (PACU) are reduced by dexmedetomidine (41) and clonidine (43) . Nakagawa et al suggested that α 2 -adrenergic mechanisms are involved in the modulation of nociception at the level of spinal noradrenergic systems (44) . There is clear evidence that α 2 -adrenoceptors are located on the dorsal horn neurons of the spinal cord and might release endogenous opiate compounds (45) . Thus, the α 2 -adrenoceptor agonists may offer interesting new possibilities in the treatment of pain and may help to reduce intraoperative opioid requirements, as clonidine does (1, 41, 42, 46) . Overall, giving dexmedetomidine in patients allowed lower doses of anesthetics to be used, resulting in more rapid recovery from anesthesia and a reduced need for pain medication in the PACU, thereby reducing the length of stay.
Only 1 study to date investigated the muscle relaxant effects of dexmedetomidine on the neuromuscular blockade (47) . Using a steady-state infusion with rocuronium, the authors showed that increasing plasma concentrations of dexmedetomidine resulted in further decreased muscle force using mechanomyography. Although these changes were statistically significant, the investigators concluded that they were not clinically relevant.
When used in combination with isoflurane or halothane, dexmedetomidine decreased cerebral blood flow in dogs by 30% to 45% without evidence of ischemia (48) . The cerebral metabolic rate was not affected, nor were intracranial pressures; α 2 -adrenoceptor agonists even seem to be neuroprotective in an animal model of brain ischemia (49) .
In humans, cerebral blood flow was decreased up to 25% in a group of patients who received high-dose dexmedetomidine (goal: plasma level, 1.1 ng/mL). In this study by Zornow et al, the decrease appeared even in the presence of an increase of arterial carbon dioxide pressure from 39 mm Hg to 45 mm Hg, a change in value usually associated with cerebral vasodilation (48) . Within 2 hours of cessation of dexmedetomidine, the values returned to baseline. Consequently, dexmedetomidine should not be used in patients with intracranial pathologies until further studies have proven its safety in this group.
Like clonidine, dexmedetomidine is associated with a lower rate of shivering. Intravenous infusion of dexmedetomidine reduced the vasoconstriction threshold and the shivering threshold. Dexmedetomidine did not change the sweating threshold and decreased the concentration-response curves for vasoconstriction and shivering in a linear fashion (50) . Therefore, with dexmedetomidine, thermoregulatory responses were inhibited within a wider range of temperatures.
POSTOPERATIVE EFFECTS
Recovering from anesthesia often results in pain, elevating catecholamine concentrations. At the same time, anesthesia residuals compromise breathing. Therefore, α 2 -adrenoceptor agonists may prove beneficial in the postoperative period because of their sympatholytic and analgesic effects without respiratory depression.
All effects of dexmedetomidine could be antagonized easily by administering the α 2 -adrenoceptor antagonist atipamezole (51), which, like dexmedetomidine, reverses sedation and sympatholysis and has a half-life of 1.5 to 2 hours (52). The combination of dexmedetomidine and atipamezole might be the basis for a reversible intravenous anesthetic technique that could provide timely independent recovery from anesthesia and sedation in the future (53) .
With dexmedetomidine, patients are able to return to their baseline level of consciousness when stimulated. This feature of dexmedetomidine was shown by Hall and colleagues, who used the Bispectral Index System and psychometric tests such as the Visual Analog Scale for sedation, Observer's Assessment of Alertness/Sedation scale, Digit Symbol Substitution Scale, and specific memory tests. All values were reduced by dexmedetomidine but had returned to baseline 4 hours after treatment (17) . A more objective sign was the return of the Bispectral Index System, a processed electroencephalogram signal analysis, from 60 to 65 before stimulus back to normal baseline values when encouraged. A larger European phase III trial underlined these findings, stating that even "complex tasks, such as communication by pen and paper, are possible" (13) .
Dexmedetomidine also provides intense analgesia during the postoperative period. Postoperative analgesic requirements were reduced by 50% in cardiac patients, and the need for rescue midazolam for sedation was diminished by 80% (13) . However, dexmedetomidine may lack amnestic properties; a small number of patients who received the drug were able to recall their ICU stay and found the experience very stressful.
Dexmedetomidine seems to have few respiratory side effects (24) . Indeed, receptor-binding studies suggest that its effects on respiration should be minor. Belleville et al reported episodes of obstructive apnea in a group of patients who received high doses of the drug (24) . The effects were seen more commonly with doses of 1 or 2 µg/kg given over 2 minutes, doses that provide rapid sedation. The obstructive respiration pattern and irregular breathing seen with such doses are probably related more to deep sedation and anatomical features of the patient. Our own experience suggests that this could be easily overcome by insertion of an oral airway.
The danger of respiratory depression with sedative agents often necessitates their discontinuation during the extubation period, whereas a dexmedetomidine infusion can be continued safely in the extubated, spontaneously breathing patient. Whether this is true when the patient has also received opioids needs to be proven for dexmedetomidine; it has been shown to be true for clonidine (54) . In rats, the addition of dexmedetomidine did not worsen alfentanil-induced respiratory depression (55) .
In human volunteers, dexmedetomidine showed some depression and rightward shift of the carbon dioxide response curve in human volunteers (24) . In a recent report about respiratory effects, respiratory rates and arterial blood gas values of postsurgical patients were reported. This study showed no differences in the respiratory parameters. Respiratory rates were lower in treated patients and respiration was more economic, with preserved minute ventilations, which yielded better oxygenation (56) .
Many agents used in the ICU have been shown to modify immune response. Midazolam, a frequently used sedative agent, has been shown to reduce phagocytic effects and decrease the interleukin-8 release in response to lipopolysaccharide, an effect not seen with opioids. On the other hand, dexmedetomidine at clinically relevant concentrations did not influence chemotaxis, phagocytosis, or O 2 -free radical production by neutrophils. Also, α 2 -adrenoceptor agonists failed to scavenge the O 2 -generated by the cell-free system (57) . Overall, there seems to be little evidence for any clinically relevant immunomodulation by dexmedetomidine.
The postoperative hemodynamic effects of dexmedetomidine were comparable to its intraoperative effects. These postoperative changes in heart rate and blood pressure may be important factors in outcome in high-risk patients, e.g., those who have had vascular surgery or coronary artery bypass graft surgery (58) . Therefore, they are discussed in detail below.
EFFECTS OF DEXMEDETOMIDINE IN CARDIOVASCULAR PATIENTS
Surgical stimulation and postoperative stress evoke a general sympathetic stimulation evinced by increased levels of epinephrine and norepinephrine, increased blood pressure and heart rate, a state of hypercoagulopathy, and thermal instability. All these are associated with an increased myocardial oxygen demand and an increased incidence of postoperative complications. The hyperdynamic changes predispose the myocardium to ischemia, especially in patients with coronary artery disease and a decreased reserve for coronary blood flow. Perioperative ischemia is associated with a 9-fold increase in the risk of having postoperative cardiac death, nonfatal myocardial infarction (MI), or unstable angina while in the hospital (59) . The long-term risk for adverse cardiac events increases 2-fold in patients who have perioperative ischemia alone and 14-fold to 20-fold in patients who have perioperative MI or unstable angina (60) . α 2 -Adrenoceptor agonists blunt hemodynamic variability during surgery and recovery, may exert anti-ischemic effects in the perioperative setting, and may also be effective in reducing these high rates of early postoperative ischemic events.
The first trial investigating the cardioprotective effects of α 2 -adrenoceptor agonists was the Multicenter Study of Perioperative Ischemia (McSPI) Europe trial (61). The application of mivazerol, an α 2 -adrenoceptor agonist, resulted in a 50% reduction of perioperative ischemic events in the group that received high doses. These results were not confirmed by the European Mivazerol Trial (EMIT), probably because that trial lacked the power of the McSPI-Europe study (62) . In the EMIT study, mivazerol did not alter the rates of MI or cardiac death in 2854 patients who had known coronary artery disease or were at high cardiac risk undergoing noncardiac surgery. However, mivazerol did protect a subgroup of patients who were undergoing vascular surgery from further coronary events (62) (63) (64) .
High-risk patients who received dexmedetomidine from 1 hour before until 48 hours after vascular surgery experienced significantly fewer ischemic episodes than did patients in the placebo group (63, 64) . The incidence was 8% in the dexmedetomidine group and 29% in the placebo group. During emergence from anesthesia, norepinephrine levels in the placebo group were 2 to 3 times higher than those in the dexmedetomidine group (63) . All ischemic events were associated with significant increases (>40%) in heart rate and systolic pressure and lasted for 1 to 5 minutes (64) . The reduction of the rate-pressure product, such as that seen during the intraoperative period, might lead to fewer ischemic events because of reduced oxygen demand (32, 63) . The decreased blood pressure in dexmedetomidine-treated patients did not result in any adverse effects.
The fluid volume needed during the intraoperative period to avoid hypotension was significantly higher in the dexmedetomidine group, a side effect that may be unfavorable in volumesensitive patients with reduced left ventricular function. This effect might be outweighed, however, by the diuretic effects of α 2 -adrenoceptor agonists, whose mechanisms may include attenuation of the secretion or effect of antidiuretic hormone, inhibition of renin, or release of natriuretic peptide (18) . In the study in coronary artery bypass graft patients, despite the fact that the volume of fluid challenge was higher in the dexmedetomidine group, the overall volume administered was similar between placebo and treatment groups (23) .
Although α 2 -adrenoceptor agonists appear to be beneficial in terms of ischemic adverse events, there is some controversy about the vasoconstrictive effects of α 2 agonism. α 2 -Adrenoceptor agonists may cause peripheral and coronary vasoconstriction by stimulation of postjunctional α 2 -adrenergic receptors (65) . In a study on dogs, dexmedetomidine reduced the myocardial oxygen deficiency by preserving the blood flow to the ischemic inner layers of the heart. This was related to its hemodynamic effects, the reduction in heart rate, and the reduction of myocardial wall tension (66) . Local metabolic effects stimulated by the nitric-oxide-mediated release of activated α 2A receptors are probably able to counteract the sympathetic stimulation in the heart (65). This conclusion is an extrapolation from an animal model to humans, but clinical results with clonidine seem to confirm these results (67, 68) .
The decrease of cardiac output and the increase in systemic vascular resistance seen in response to dexmedetomidine do not seem to be related to a decreased contractility, relaxation, or intracellular calcium-channel block (14) . Instead, the hemodynamic changes can be attributed to the dexmedetomidineinduced bradycardia, α 2 -adrenergic stimulation, and a decrease in oxygen requirements (32) .
In conclusion, dexmedetomidine might be a useful adjunct to cardiovascular anesthesia, providing a protective pharmacologic profile with only moderate sympathetic depression (58) . However, patients who depend on a high level of sympathetic tone or have reduced myocardial function might not tolerate the decrease in sympathetic tone. The possibility of ongoing sedation and sympathetic block during the administration of dexmedetomidine could be beneficial for high-risk patients undergoing noncardiac surgery as well as cardiac patients with good to moderately decreased left ventricular function.
SUMMARY
We are only beginning to understand the molecular pharmacology of many agents we use on a daily basis as sedatives or anesthetics; dexmedetomidine appears to be unique in that our insight into its mechanism of action was far advanced before its introduction into human clinical practice.
α 2 -Adrenoceptor agonists may provide an attractive alternative to anesthetic adjunctive agents now in use because of their anesthetic-sparing and hemodynamic-stabilizing effects. Dexmedetomidine provides better perioperative hemodynamic stability than many agents now in use and may offer protection from ischemia due to the attenuated neuroendocrine response, but the incidence of hypotension and bradycardia requiring intervention during clinical studies was higher in the dexmedetomidine groups than in the placebo groups. Dexmedetomidine-treated patients were more sedated at the time of arrival in the PACU, emerged more rapidly from anesthesia, required less volatile anesthetic to achieve hemodynamic endpoints, and had greater overall stability in the perioperative period with fewer episodes of tachycardia requiring intervention. α 2 -Adrenoceptor agonists do not affect the synthesis, storage, or metabolism of neurotransmitters and do not block the receptors, thus providing the possibility of reversing the hemodynamic effects with vasoactive drugs or the α 2 -agonist effects with a specific α 2 -adrenoceptor antagonist (22) . Therefore, they may have a role in anesthesia for patients who are at high risk of myocardial ischemia while undergoing major surgery. Appropriate patient selection is crucial, as a patient's hemodynamic properties may increase his or her risk of serious adverse effects. For example, ICU patients who are hypovolemic or severely vasoconstricted should not receive dexmedetomidine. The drug should not be administered as a bolus, and the association of higher doses with systemic and pulmonary hypertension limits its use as a single anesthetic or sedative agent.
Finally, the possibility afforded by dexmedetomidine of continuing sedation throughout the extubation process without significant respiratory impairment and with lower analgesic requirements may shorten the ICU stay ( Figure 5 ). It has not yet been determined if this will have any cost implications. 
